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Abstract: The absorption of infrared radiation within ultra-thin metallic films is technologically
relevant for different thermal engineering applications and optoelectronic devices, as well as for
fundamental research on sub-nanometer and atomically-thin materials. However, the maximal
attainable absorption within an ultra-thin metallic film is intrinsically limited by both its geometry
and material properties. Here, we demonstrate that material-based high-impedance surfaces
enhance the absorptivity of the films, potentially leading to perfect absorption for optimal resistive
layers, and a fourfold enhancement for films at deep nanometer scales. Moreover, material-based
high-impedance surfaces do not suffer from spatial dispersion and the geometrical restrictions of
their metamaterial counterparts. We provide a proof-of-concept experimental demonstration by
using titanium nanofilms on top of a silicon carbide substrate.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
The absorption of infrared radiation by ultra-thin metallic films is the basic operating principle
of a variety of systems including lightweight and dynamical thermal emitters [1–7], radiative
cooling [8,9], thermal camouflage [10–13], thermal self-regulation or thermal homeostasis
[14,15], sensors [16–18] and optoelectronic devices [19], to name a few. However, as we will
discuss in detail, the maximal absorption that can be obtained in the limit of an ultra-thin metallic
film is limited due to both (i) its ultra-thin film geometry, and (ii) the material properties of
metals.
Perfect electromagnetic absorbers with a near 100% efficiency can be designed in a number of
ways, including interference effects and internal resonances in thicker films [20,21], structuring the
geometry of the film in the form of metasurfaces and metamaterials [22–28], multilayer systems
[2,4,29], etc. However, concentrating the absorption within an unpatterned, ultra-thin, and
metallic layer has several technological advantages. First, the fabrication of an ultra-thin metallic
coating can be very simple, of particular interest for large-area and conformal applications.
Second, metallic coatings quickly become opaque at optical frequencies as their thickness
increases, and only ultra-thin films can be used in applications like smart windows and transparent
electronics. For some applications like optoelectronic devices [19,30], only the power absorbed
in the metallic film is of interest. Moreover, reducing the amount of material where the absorption
takes place can both extend and speed up the reconfigurability of dynamical thermal emitters [5]
and improve photothermal modulation [31]. Finally, maximizing the absorption in films entering
sub-nanometer scales is relevant for fundamental research on nonlocal and quantum phenomena
[32–35], and light-matter interactions within atomically-thin structures [36,37].
In this work, we propose the use of silicon carbide (SiC) as material-based high-impedance sur-
face that enhances the absorption in ultra-thin metallic films while maintaining the aforementioned
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technological advantages. Silicon carbide (SiC) [38,39] is a polar dielectric exhibiting a highly
reflective band within the infrared atmospheric window, the Reststrahlen band, delimited by the
transverse (TO) and longitudinal optic (LO) phonon frequencies. Within this band, SiC supports
surface phonon polaritons (SPhPs) with lifetimes 3 orders of magnitude longer than those of
plasmons in noble metals. With these exceptional optical properties, SiC enables the observation
of extraordinary tranmission [40], superlensing [41], deeply subwavelength resonators [42,43],
coherent thermal sources [44], sensing of sub-nanometric thin-films [35] and strong coupling





its plasma frequency λp = 10.3 µm , being one of the highest-quality epsilon-near-zero (ENZ)
materials known to date [46–48].
As the permittivity of a medium approaches zero, ε → 0, its intrinsic impedance diverges
Z = Z0/
√
ε →∞, leading to a high-impedance boundary condition, similar to perfect magnetic
conductor (PMC) boundary for sufficiently large bodies. In this manner, the tangential electric
field is enhanced at the surface of a SiC substrate, while the tangential magnetic field is inhibited,
leading to different light-matter interactions than those observed in dielectric and metallic
substrates. In fact, high-impedance boundaries implemented with metamaterial structures have
been extensively studied for suppressing surface waves [49], enhancing the efficiency of low-
profile antennas [50–52], designing electromagnetic absorbers [53,54], and radar cross-section
(RCS) reduction systems [55,56]. By contrast with metamaterial structures, SiC provides an
intrinsic high-impedance boundary that does not suffer from spatial dispersion, does not require
from nanofabrication, and preserves its behavior even in complex geometries with subwavelength
details.
In the remainder of the manuscript we investigate how the intrinsic high-impedance boundary
condition of SiC can be employed to enhance the absorption performance of ultra-thin metallic
films. We note that while previous works have also focused on how absorption can be optimized
inside ENZ bodies [57–59] or heterogeneous bodies composed of ENZ and dielectric and metal
structures [20,60], our study focuses on how an intrinsic ENZ substrate boosts the absorption
taking place within an ultra-thin metallic film.
2. Theory of absorption in ultra-thin metallic films
2.1. Equivalent circuit model
We start our discussion by considering the absorption properties and inherent limitations of ultra-
thin metallic films by using an equivalent circuit model. To this end, we consider the geometry
schematically depicted in Fig. 1(a), consisting of an ultra-thin metallic film, characterized by
relative permittivity εfilm(ω) and thickness t, deposited on top of a substrate characterized by
relative permittivity εsub(ω). We are interested in analysing the film in the ultra-thin limit, which
we define as the case in which the film thickness is much smaller than the propagation length
within the film. In this limit, there are no internal resonances in the slab, and its response can be
described as an average electric current flowing through it [61]. Therefore, the response of the
system can be accurately modelled by the equivalent circuit model shown in Fig. 1(b), and the
contribution of the metallic film is given by the shunt impedance [61]




where χ (ω) = εfilm (ω) − 1 is the polarizability of the material composing the film. Since
we consider a substrate of infinite extent, the substrate impedance is simply given by the
intrinsic impedance of the substrate Zsub(ω) = Z0/
√
εsub(ω). The electrical engineering ejωt
time-convention is assumed and omitted hereafter.
One of the advantages of this circuit model is that it expedites the calculation of the power
absorbed within the film, as it is directly represented by the power dissipated in the film resistance.
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Fig. 1. (a) Sketch of the geometry: an ultra-thin metallic film characterized by relative
permittivity εfilm (ω) and thickness t is deposited on top of a substrate characterized by
relative permittivity εsub (ω). (b) Equivalent circuit model.
Therefore, the film absorptivity, i.e., the power absorbed by the thin film normalized to the
incident power, can be written in circuital terms as follows




where Zin(ω) = ZfilmZsub/(Zsub + Zfilm) is the input impedance.
2.2. Ultra-thin metallic films standing in air
The simple Eq. (2) allows to extract very useful information on the absorption properties of
ultra-thin films. For example, for a film standing in air (Zsub = Z0) we can take derivatives with
respect to the slab impedance to find that the absorption in the film is maximized for a purely
resistive film Zfilm = Z0/2, leading to the following upper bound for the absorption coefficient
Afilm(ω) ≤ 1/2. This recovers the well-known result that a thin material layer can only absorb up
to a half of the incident power.
Metallic layers are usually thought as thin resistive layers in the design of absorbers. However,
this is only an approximation that does not hold for most metals at infrared frequencies. To
illustrate this point, we study the absorption properties of a metallic film whose response can be
approximated by that of a Drude dispersion model: ε(ω) = 1 − ω2p/(ω2 − jωωc), where ωp and












) = (jω + ωc)L (3)
It is clear from Eq. (3) that thin metallic films are characterized by an intrinsic inductance,
L = (ε0ω2pt)−1, and a resistance that can be directly connected to the inductance through the
collision frequency, i.e., R = ωcL. The fact that R and L are directly linked by the material
properties imposes some restrictions on the absorptivity that can be obtained with a thin metallic
film. Specifically, inserting this impedance into (2), we find that the absorption is maximized
for the inductance value, L = Z0/2/
√
ω2c − ω









In the ωc  ω limit the metallic film can be considered a purely resistive layer and we recover
Afilm(ω) ≤ 1/2. However, this condition does not hold for most metals at infrared frequencies.
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Therefore, the material properties of metallic films, represented by their intrinsic inductance,
further limits their absorptivity. This result poses the interesting perspective that, by contrast
with most plasmonic systems [62], the absorption in ultra-thin metallic films can be larger for
"lower-quality" materials with a higher collision frequency. As we will see, this conclusion is of
practical importance for nanometric films, where detrimental effects such as surface roughness
and impurities can effectively increase the collision frequency. This conclusion also constrasts
with theoretical bounds on different nanophotonic processes, including absorption and thermal
emission, where material losses are seen as a limiting factor [63,64]. The reason for this apparent
disagreement is that such bounds assume the possibility of engineering the geometry of the
material, while here we are interested in the case of a constrained geometry that is technologically
advantageous.
A Drude model description is a good approximation for metals within some frequency windows,
and it provides physical insight on the dominant dispersion effects. However, realistic metals
present a more complex dispersion profile, including the contributions from interband transitions
[65,66]. For an arbitrary material dispersion, maximizing the film thickness leads to an optimal
value of t = ω−1c







As an example of interest, we study the absorption characteristics of titanium (Ti) metal films,
although other materials like chromium (Cr), platinum (Pt) or phase change materials in the
metallic phase could be analyzed leading to similar conclusions. Figure 2 shows the absorptivity
of Ti films of different thicknesses, as compared to the upper bound (4). As expected, the
absorptivity always lies below its upper bound, but approaches it for certain combinations of
thicknesses and wavelengths. These results also illustrate that Ti films at infrared frequencies
do not behave exactly as resistive layers, presenting a nonnegligible material dispersion, and
optimal absorption below the 1/2 thin film limit. Optimal absorption takes place for deeply
subwavelength thicknesses, for example, for a wavelength of 10 µm the absorptivity is maximized
for thicknesses between 6 nm and 8 nm (0.0006λ ∼ 0.0008λ), for which there is an excellent
agreement between the predictions of the circuit model and a full-wave numerical solver.
Fig. 2. (a) Sketch of a metallic film standing in air, and equivalent circuit model. (b)
Predicted absorptivity spectrum for Ti films of different thicknesses, and comparison with
the theoretical upper bound (solid black line). (c) Predicted absorptivity for a metallic thin
film of different thicknesses, modeled with a Drude model with ωp = 3.93 × 1015rad/s and
ωc = 1.81 × 1015rad/s. Solid lines correspond to a numerical simulation with a full-wave
numerical solver, and dashed dot lines represent the prediction of the equivalent circuit
model.
As anticipated, lower quality metals give access to larger absorptivities at infrared frequencies.
In order to illustrate this point, Fig. 2(c) depicts the absorptivity for a metallic film characterized
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by a Drude permittivity with parameters ωp = 3.93 × 1015rad/s and ωc = 1.81 × 1015rad/s,
which is significantly lossier than the Drude component of Ti. In this case, the film behaves
closer to a purely resistive layer, with an almost constant absorptivity spectrum that approaches
the 1/2 limit for films with an optimal thickness. Specifically, the absorptivity is maximized for
larger thicknesses between 50 nm and 100 nm. However, these are still deeply subwavelength
thicknesses, for which the predictions of the circuit model perfectly match those of the full-wave
numerical simulation.
2.3. Impact of the substrate on ultra-thin film absorption
The previous section clearly shows that the absorption in ultra-thin metallic films is limited by
both its ultra-thin geometry and its material properties. Next, we explore how this limitation can
be lifted by using material substrates. As shown in Fig. 3(a), we now assume that the thin-film
is deposited on top of a substrate characterized by relative permittivity εsub , and characteristic
impedance Zsub = n−1subZ0 with nsub =
√
εsub. Maximizing the absorption with respect to the film
thickness leads to an optimal value of t = ω−1c
(1 + nsub) χ−1, and the following upper bound





](1 + nsub) χ−1 + Im [(1 + nsub) χ−1] (6)




→ 0) on top of a zero-index substrate (nsub → 0,
Zsub →∞) the upper bound converges to unity, indicating the possibility of designing a perfect
absorber. In such a limit, the system behaves similar to conventional high-impedance surface
absorbers [53,54], with the only difference that the high-impedance surface is provided by the
material properties of the substrate. In general, Eq. (6) represents a tighter bound, providing an
estimation of the absorption that can be obtained with realistic materials in an ultra-thin film /
substrate configuration. In fact, Eq. (6) only contains material parameters.
A particularly relevant case is that of substrates with a purely real refractive index, for which
the contribution of nsub in Eq. (6) simplifies to a multiplicative factor (1 + nsub)−1. It is then clear
that dielectric substrates with nsub>1 can only limit the absorption of ultra-thin metallic films
deposited on top of them, while substrates with a near-zero refractive index nsub ' 0 enhance the
absorption of any thin-film material.
However, near-zero-index substrates at infrared frequencies are typically based on lossy ENZ
media for which εsub (ωENZ) = −jδ. The real and imaginary parts of the associated refractive
index are equally important, nsub (ωENZ) =
√
δ/2 (1 − j), leading to a complex interplay between
substrate and film. From a circuital standpoint, this interplay arises from the fact that the reactance
of the substrate can help to compensate the intrinsic inductance of a metallic layer.
As a particular example, we investigate the use of silicon carbide (SiC) as a near-zero-
index substrate. SiC can be modelled with a Lorentzian dispersion profile εSiC = (ω2 − ω2p −
jωωc)/(ω2 − ω20 − jωωc), with ωp = 2πc/(10.3 × 10
−6) rad/s, ω0 = 2πc/(12.55 × 10−6) rad/s,
and ωc = 0.0022ω0, so that the real part of the relative permittivity crosses zero at thermal
infrared frequencies [38,67] (see Fig. 3(b)). The absorptivities of the Ti films studied in Fig. 2(b),
but deposited on top of a SiC substrate are reported in Fig. 3(c). It is clear from the figure that
the absorption spectrum now closely follows the material dispersion of the substrate, with an
enhanced peak absorptivity within the film near 0.7. In this case, the maximal absorption is
obtained for thinner films around 6 nm, then the absorptivity decreases as the thickness increases,
consistent with the fact that the optimal thickness, t = ω−1c
(1 + nsub)χ−1, monotonically
increases along with the substrate refractive index.
Similar to thin films standing in air, higher absorptivities are obtained for metal layers with a
response closer to that of purely resistive layers. Figure 3(d) depicts the absorptivities predicted
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Fig. 3. (a) Sketch of a metallic film on top of an silicon carbide (SiC) substrate, and
equivalent circuit model. (b) Real (blue) and Imaginary (red) permittivity of Silicon
Carbide (SiC). Black lines correspond to plasma (λp) and resonance (λ0) frequencies.
(c) Predicted absorptivity spectrum for Ti films of different thicknesses on top of a SiC
substrate, and comparison with the theoretical upper bound (solid black line). (d) Predicted
absorptivity for a metallic thin film of different thicknesses, modeled with a Drude model with
ωp = 3.93 × 1015rad/s and ωc = 1.81 × 1015rad/s. Solid lines correspond to a numerical
simulation with a full-wave numerical solver, and dashed dot lines represent the prediction
of the equivalent circuit model.
for a Drude model dispersion with a high collision frequency. Again, the absorptivity spectra
is characterized by a maximum-minimum sequence following the material dispersion of the
substrate. The absorptivity is increased as the thickness increases until the maximal absorption
of 0.91 is achieved for metal films around 50 nm thickness. Then, the absorptivity decreases as
the thickness is increased.
2.4. Sub-nanometer and atomically-thin films
Of particular scientific interest is also the limit of metallic films entering sub-nanometer and
atomically-thin scales [35–37]. In such limit, the response of a film cannot be accurately described
with the same material parameters than those of the bulk material. However, size-dependent
corrected material parameters can still be employed [68,69], for which our theory can be applied.
At the same time, the application of this theory to sub-nanometer and atomically-thin films
presents its own particularities. Specifically, the film impedance (1) becomes much larger than the
substrate impedance Zfilm  Zsub, so that we can approximate the input impedance by Zin ' Zsub,




 ZsubZsub + Z0
2 . (7)
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It is clear from Eq. (7) that in this limit the impact of the substrate reduces to a multiplicative
factor. This motivates the definition of an absorptivity enhancement factor, given by the ratio of
absorptivities with and without the substrate, which can be written as follows
EF (ω) = 4
1
|1 + nsub |2
(8)
This limit can be understood as a consequence from the fact that sub-nanometric and atomically-
thin films have a negligible impact on the local field, and the enhancement factor is directly
given by the enhancement of the electric field intensity induced by the substrate in the absence
of the film. Therefore, although sub-nanometer and atomically-thin metallic layers have a
very low absorption efficiency, their absorptivity can be increased by a factor of 4 by using
an ideal near-zero-index substrate. Near-zero permittivities of εsub = −j 0.01, εsub = −j 0.1,
εsub = −j 0.2 and εsub = −j 0.5, would lead to enhancements factors of 3.47, 2.59, 2.18 and
1.6, suggesting that this effect could be observed in a large number of practical ENZ materials
[46–48]. To illustrate this conclusion, Fig. 4 represents the absorptivity enhancement factor for
Ti films with and without a SiC substrate, as a function of the film thickness. As anticipated, the
enhancement factor is maximized at the plasma frequency of SiC, and its peak value decreases
as the slab thickness increases. To finalize, we note that the Zfilm>>Zsub limit might appear to
be in conflict with the use of ENZ substrates with a diverging impedance. However, the film
impedance of sub-nanometric and atomically-thin films quickly overcomes that of realistic ENZ
materials, thus justifying the use of the limit. Moreover, even if an ideal ENZ material with an
infinite characteristic impedance would be considered, the result of the limit would be the same.
According to the circuit model depicted in Fig. 3(a), both the film impedance and the substrate
impedance would become open circuits, leading to the aforementioned fourfold enhancement on
the absorptivity.
Fig. 4. (a) Absorptivity enhancement factor EF at the plasma frequency of silicon carbide
(SiC) for a titanium (Ti) film with and without a SiC substrate, as a function of the Ti film
thickness. (b) Spectra of the absorptivity enhancement factor for different Ti film thicknesses.
2.5. Geometrical flexibility of material-based high-impedance surfaces
An important advantage of material-based high-impedance surfaces is that they do not suffer
from spatial dispersion and the geometrical restrictions of their metamaterial counterparts. For
example, the radius of curvature of the surface is not restricted by the size of a unit-cell, and the
field distribution is preserved even at deeply subwavelength scales. In order to illustrate this effect,
we numerically investigate the absorptivity of a Ti film deposited on top of a SiC substrate with an
irregular profile described by the periodic function x (y) = A1 sin (k1 y)+A2 sin (k2 y)+A3 sin (k3 y),
with A1 = L/40, A2 = L/10 and A3 = L/30, and k1 = 2π 2/L, k2 = 2π 4/L and k3 = 2π 4/L
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(see Fig. 5(a)). Here, L is defined as a length parameter that describes the overall scale of the
system. Figure 5(b) reports the absorptivity of the Ti film for three length scales: subwavelength
L = 500 nm, comparable to the wavelength L = 5 µm and larger than the wavelength, L = 50 µm.
It can be concluded that the absorptivity of the film presents the expected maxima/minima profile
for all length scales. As the length scale increases, a ripple appears on the absorptivity due to
the presence of interference phenomena in the irregular substrate. However, the general trend
in the absorptivity spectrum is dominated by the dispersion of the substrate. Therefore, these
results confirm that material-based impedance substrate can operate even in irregular substrates
of different length scales.
Fig. 5. (a) Sketch of a titanium (Ti) film of 2 nm thickness deposited on top of a
silicon carbide (SiC) substrate with an irregular profile described by the periodic function
x (y) = A1 sin (k1 y)+A2 sin (k2 y)+A3 sin (k3 y), with A1 = L/40, A2 = L/10 and A3 = L/30,
and k1 = 2π 2/L, k2 = 2π 4/L and k3 = 2π 4/L, where L is a length parameter that describes
the overall scale of the system. (b) Absorptivity if the Ti film for length scales L = 500 nm,
L = 5 µm and , L = 50 µm. (c) Electric field magnitude at the plasma frequency of the SiC
substrate for the different length scales.
In order to provide additional physical insight on this effect, Fig. 5(c) reports the electric field
distributions at the plasma frequency of the SiC substrate. Different regimes are observed at each
length scale, and the field distribution evolves from a near constant distribution at subwavelength
scales, to a complex distribution arising from interference phenomena at scales larger than the
wavelength. At the same time, the electric field is maximized near the surface for all length
scales, thus enhancing the film absortivity.
3. Experimental results
We provide a proof-of-concept experimental demonstration by depositing Ti films of 2, 6, 8, 20 and
50 nm thickness on top of a SiC substrate. The fabrication of the samples is photolithograpy-free
and has been realized evaporating Ti on a 220 µm thick SiC substrate. No passive layer was
used to prevent oxidation, since Ti reacts with the air leading to an spontaneous passivation
layer, consisting of around 1 nm of amorphous TiO2, which protects it against corrosion and
further oxidation [70,71]. Figure 6(a) shows a picture of the fabricated samples where it can
be appreciated the transition from transparent to opaque as the thickness increases. Figure 6(b)
shows a SEM image of the 50 nm film, revealing that the evaporated thin films present a large
roughness as it has been observed in related works [2,3]. The root mean square roughness (Rq)
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is around 2 nm, exhibiting geometrical details comparable to the thickness of the films. The full
characterization of the sample roughness via atomic force microscopy is reported in Supplement
1, Fig. S1. Therefore, the roughness is expected to have an important impact on the response of
the film. Intuitively, it should be expected that the roughness increases the resistivity of the layer,
and our experimental data fit to the Drude model with a high-collision frequency described in
the theory section. Note that as it has been discussed, resistive layers actually provide higher
absorptivities.
Fig. 6. (a) Photograph of the fabricated prototypes showing the transition from transparent
to opaque samples. (b) SEM image of the 50 nm thin-film on SiC. (c) Prediction and (d)
measurement of the reflectivity from Ti films of different thicknesses on top of SiC. (e)
Prediction and (f) measurement of the reflectivity difference RSiC − RSiCTi.
We characterized the fabricated samples by means of reflectivity measurements via FTIR
spectroscopy. The predicted and measured reflectivities are reported in Figs. 6(c) and 6(d),
respectively, showing and excellent agreement between theory and measurements. The measured
reflectivities are characterized by a highly reflective band between 10.3 µm and 12.55 µm,
corresponding to SiC Reststrahlen band [38]. In addition, the reflectivity within this band
decreases when a Ti film of increasing thickness is deposited on top of the SiC substrate.
Reflectivity measurements do not allow for a direct estimation of the power absorbed within
the Ti thin film. However, a related figure of merit is the reflectivity difference for the substrate
with and without the sample, RSiC − RSiC + Ti, whose predicted and measured values are reported
in Figs. 6(e) and 6(f), respectively. This figure of merit provides an accurate description for
the film absorptivity within the Reststrahlen band (see Supplement 1, Fig. S2 for a theoretical
comparison of the reflectivity difference and the film absorptivity), and it is characterized by
a peak and zero sequence, corresponding to the plasma and resonant frequencies of the SiC
substrate. Therefore, the experimental results demonstrate that the absorptivity of the film follows
the dispersion of the material substrate, and it is maximized around its plasma frequency. We
note that the transmission through the substrate is near zero in all cases. However, outside the
Reststrahlen band, the reflectivity difference becomes negative, with the physical implication than
a metallic thin-film increases the reflection from a dielectric. Nonetheless, within the band of
interest the reflectivity difference exhibits positive values matching those of the film absorptivity.
This matching is justified by the fact that the absorption within the metallic thin-film forces the
reflection to be lower than that of the bare substrate. The maximal value of this figure of merit
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rises up to 0.88 for a 50 nm film thickness near the plasma frequency, evidencing a large film
absorptivity.
Figure 7 depicts the magnitude of the reflectivity difference for different Ti film thicknesses
normalized to its maximal value. This normalization highlights that the spectral features of the
reflectivity become narrower as the film thickness decreases. This result is consistent with the
narrowing of the absorptivity and the larger enhancement factors observed in the theoretical of
increasingly thinner films.
Fig. 7. (a) Prediction and (b) measurement of the magnitude of the reflectivity difference
|RSiC − RSiC + Ti |, normalized to its maximum value for Ti films of different thicknesses
deposited on top of a SiC substrate.
4. Conclusions
Our results provide a comprehensive view of how the absorptivity of ultra-thin metallic films is
inherently limited by both their ultra-thin geometry and the material properties of metals. Fur-
thermore, we theoretically and experimentally demonstrate that material-based high-impedance
surfaces enhance the absorptivity, enabling perfect absorption for optimal resistive layers and
up to a fourfold enhancement for sub-nanometer thin films. The possibility of enhancing the
absorption of infrared radiation, while at the same time preserving technological advantages
such as ease of fabrication, geometrical-flexibility and integrability, suggests that material-based
high-impedance surfaces might find applications in thermal engineering and optoelectronic
devices, as well as for fundamental research on light-matter interactions at sub-nanometric and
atomically-thin scales.
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